The dynamics of water confined in two different types of reverse micelles are studied using ultrafast infrared pump-probe spectroscopy of the hydroxyl OD stretch of HOD in H2O. Reverse micelles of the surfactant Aerosol-OT (ionic head group) in isooctane and the surfactant Igepal CO 520 (nonionic head group) in 50/50 wt % cyclohexane/hexane are prepared to have the same diameter water nanopools. Measurements of the IR spectra and vibrational lifetimes show that the identity of the surfactant head groups affects the local environment experienced by the water molecules inside the reverse micelles. The orientational dynamics (time-dependent anisotropy), which is a measure of the hydrogen bond network rearrangement, are very similar for the confined water in the two types of reverse micelles. The results demonstrate that confinement by an interface to form a nanoscopic water pool is a primary factor governing the dynamics of nanoscopic water rather than the presence of charged groups at the interface.
I. Introduction
Many important phenomena take place in nanoscopic water environments. For example, a wide variety of biological processes occur in very crowded aqueous surroundings with the solvating water often playing an important role. Water confined on nanometer length scales is also found in many nonbiological situations. The frequent incidence of nanoscopically restricted water brings to the forefront the need to understand the properties of water and aqueous systems in confined environments and near interfaces.
The perturbing effects of confinement, interfaces, and solutes on the dynamics of water have been observed in a number of systems by a variety of techniques. Neutron scattering measurements and MD simulations of water confined in nanoporous silica, 1-3 alumina, 4 and Vycor glass 5 show slowing of the water dynamics. Surface force measurements using mica surfaces 6, 7 show that the viscosity and density of very thin films of water are higher than that of bulk water due to structuring of the water near the confining surfaces. Both NMR 8,9 and ultrafast IR experiments 10 show that the presence of ions in aqueous solutions influences dynamics in the solvation shell of the ions. Magnetic resonance dispersion experiments indicate that the dynamics of water in the first hydration layer of a protein, averaged over the entire protein, are slowed relative to bulk water. 11 Ultrafast infrared (IR) pump-probe experiments have demonstrated that the dynamics of water in the nanopores of Nafion fuel cell membranes differ substantially from those of bulk water and vary with the size of the pores (hydration level of the membrane). 12,13 A series of experiments using ultrafast IR vibrational echo and pump-probe experiments performed directly on water confined in AOT reverse micelles have shown that the water dynamics slow when the radius of the reverse micelle water pool falls below several nanometers. [14] [15] [16] [17] [18] [19] It is clear from the results obtained on this wide variety of systems that the dynamics of water that is nanoscopically confined or in contact with interfaces or solutes differ from those of bulk water. Although the perturbation of the water's properties may extend only a few hydration layers, in confined environments nearly all the water can fall within this range. 14 Most previous studies have focused on a single type of system containing either a charged interface or a neutral hydrophilic † Permanent address: Department of Chemistry, Colorado State University, Fort Collins, CO 80523. interface. In the case of a protein surface, there are both charged and uncharged regions of the interface. Several MD simulations of water in reverse micelles have changed the nature of the interface from hydrophilic to hydrophobic with mixed conclusions as to the effect on the dynamics of water. 20,21 A steadystate IR experiment compared the line shape of water confined in a nonionic fluorocarbon reverse micelle to water confined in AOT reverse micelles by fitting the water absorption line to multiple Gaussians. 22 The authors concluded that the charged groups of AOT were not the only factor governing the properties of water in reverse micelles and "that the size of confinement prevails." However, the size and shape of the fluorocarbon nonionic reverse micelle are not well characterized, and therefore, direct comparison with AOT reverse micelles is difficult. The studies mentioned above show that the water dynamics in confined systems are different from those of bulk water. However, because the systems are so varied and often poorly characterized in both the topology and the nature of the interfaces, it is difficult to compare them to determine the role that important aspects of the water's environment play in the modification of its dynamics.
In this paper, we address one of the fundamental questions: with all other things being equal, will an interface with charges produce substantially greater changes in water dynamics than a neutral interface? In other words, does nanoscopic confinement alone impact water dynamics or do interfacial charges play a dominant role? Here, we provide strong evidence that water confinement dramatically influences water dynamics even in the absence of charged groups at the interface. The issues addressed here also apply to water within a few nanometers of an interface, such as a protein surface. 11, 23 The great interest in the nature of confined water in biology, chemistry, and materials science has led to a large number of studies on the properties of water in reverse micelles as model systems. 24 Some, but not all, reverse micelle systems have wellcharacterized structures containing nanoscopic pools of water. 25, 26 Reverse micelles are often described by the parameter w 0 , which is defined as the number of water molecules per surfactant molecule, w 0 ) [H 2 O]/[surf]. For spherical particles, the size of a reverse micelle scales linearly with the w 0 parameter. A number of studies have explored the properties of water in a range of sizes and types of reverse micelles including those formed with the ionic surfactants Aerosol-OT (AOT) 14-19,27-31 and cetyltrimethylammonium bromide (CTAB) 32 as well as several nonionic surfactants. 26, 33 Frequently, the experiments have employed large probe molecules to characterize the interfacial region or study the solvation dynamics in the water pool. 24, 25, 28 Recently, several groups have significantly enhanced the understanding of the dynamics of water in AOT reverse micelles by directly studying the water using ultrafast IR methods. 14-19 However, there have been no direct experimental studies of the dynamics of water in nonionic reverse micelles for comparison.
Below, we present the results of ultrafast infrared pumpprobe studies on the dynamics of water confined in two types of reverse micelles, one with an ionic head group surfactant and one with a nonionic head group surfactant. The ionic system is the well-characterized and widely studied reverse micelle formed with water/AOT/isooctane. AOT, which has an anionic sulfonate head group, forms monodispersed, spherical reverse micelles over a wide range of micelle sizes and temperatures. 34, 35 There are a large number of nonionic surfactants including Brij, Triton-X, and Igepal. Each of these surfactants can have a range of chain lengths, and the properties of the reverse micelles can be strongly dependent on the composition of the bulk organic phase. Sometimes mixtures of the surfactants with alcohol molecules are used to form reverse micelles. Because of the wide variety of nonionic surfactant/organic phase combinations, no one combination has been as thoroughly studied and characterized as the AOT reverse micelle system.
Of the many combinations, a quite-well-characterized nonionic reverse micelle can be made of the surfactant Igepal CO 520 with an organic phase consisting of a 50/50 by weight mixture of cyclohexane and n-hexane. 36 This nonionic surfactant, which has an alcohol head group, and organic phase combination was chosen because the resulting reverse micelles have been studied in detail by small-angle neutron scattering (SANS) to determine their structure. 36 The stability regime of the reverse micelle phase was mapped out, and the water pool sizes were determined at a number of temperatures and w 0 values. In addition, the SANS fitting indicated a spherical shape for the reverse micelles, and molecular dynamics simulations on a similar system showed only a slight ellipticity. 37 The combination of spherical shape and relatively good size characterization make this Igepal system useful for comparison with the AOT reverse micelle system. Because of a lack of similar detailed characterization of other nonionic reverse micelles, the Igepal system is the only system suitable for these studies.
To answer the fundamental question posed above, the direct method for determining the effect of a charged interface vs a neutral interface on water dynamics is to prepare reverse micelles with the same size but with different head groups, ionic vs nonionic. With size and geometry no longer a variable, it is possible to establish whether the differences in nanoscopic water dynamics from those of bulk water are caused by confinement or the ionic character of the surfactant head group interface. The AOT and Igepal surfactants can be used to address this fundamental question. 
II. Materials and Methods
Aerosol OT, Igepal CO 520, isooctane, cyclohexane, n-hexane, D2O, and water were obtained from Sigma-Aldrich and were used without further purification. A 0.5 M stock solution of AOT in isooctane and a 0.3 M stock solution of Igepal CO 520 in a 50/50 wt % mixture of cyclohexane/n-hexane were prepared. The residual water content in the surfactant and oil phase was measured by Karl Fischer titration. To make reverse micelles with the desired w 0, precise volumes of water (5% HOD in H2O) were added to measured quantities of each stock solution. The samples were housed in cells containing two CaF2 windows (3 mm thick) and a Teflon spacer with a thickness adjusted to obtain optical densities in the range 0.2-0.4 for all solutions studied. All experiments were conducted at 25°C.
The laser system used in these experiments consists of a Ti:Sapphire oscillator and regenerative amplifier operating at 1 kHz, which pump an OPA and difference frequency stage to produce ∼70 fs, ∼4 µm IR pulses. Pulses are split into pump and probe pulses with the probe's polarization set to ∼45°relative to the pump. After the sample, the components of the probe with polarization parallel and perpendicular to the pump are selected to avoid depolarization effects due to optics in the beam path. 38 Polarizers set to parallel and perpendicular are rotated into the beam using a computer controlled wheel. Scans alternate between parallel and perpendicular to reduce effects of long-term laser drift. After the polarizers, a half wave plate rotates the polarization of each component to 45°prior to the entrance slit of a 0.25 m monochromator so that both parallel and perpendicular polarization scans experience the same diffraction efficiency from the monochromator grating. The spectrally resolved pump-probe signal is detected by a 32 element HgCdTe detector. Great care is taken to ensure that the probe intensities for both parallel and perpendicular components are the same on a given pixel of the array detector to avoid the consequences of the mildly nonlinear response of HgCdTe with increasing intensity. 39
III. Results and Discussion
Igepal surfactants have a head group composed of an alcohol tethered by a polyether chain to the nonpolar tail. AOT, on the other hand, has a sulfonate head group with a sodium counterion. Empirical formulas relating the size of the AOT and Igepal reverse micelles as a function of w 0 were used to determine the amount of water necessary to create micelles of the same size. For AOT reverse micelles with w 0 between 2 and 20, the diameter of the water pool is given by the equation: d AOT ) (0.29w 0 + 1.1) nm. 34 SANS experiments on Igepal reverse micelles prepared using the same method employed here give the following relationship for the size of the water pool, d IG ) (0.38w 0 + 1.40) nm. 36 Although Igepal reverse micelles were not studied for sizes smaller than w 0 ) 10 the data demonstrate that reverse micelles somewhat smaller than w 0 ) 10 will be stable and their sizes will follow the same linear relationship. 36 In addition, MD simulations on AOT and Igepal type surfactants show similar ellipticity characteristics for reverse micelles made from both surfactants with sizes smaller than w 0 ) 10. 37, 40 We have prepared Igepal reverse micelles with w 0 ) 7 and smaller. For w 0 ) 7, the equation predicts an Igepal reverse micelle nanoscopic water pool with the same size as the AOT w 0 ) 10 reverse micelle, that is, d ) 4 nm. A diameter of 4 nm was chosen because in previous studies of nanoscopic water in AOT, the w 0 ) 10 reverse micelle was shown to have water dynamics significantly different from bulk water. 14-17 AOT reverse micelles have water dynamics that rapidly approach those of bulk water as the size is increased beyond 4 nm. 14 Therefore, significantly larger sizes are not useful.
Smaller sizes are problematic for two important reasons. First, the size of smaller Igepal reverse micelles becomes increasingly uncertain as the size is decreased. Second, in the experiments described below, the OD stretch of dilute HOD in H 2 O provides a probe of the hydrogen bond dynamics of water, free from vibrational excitation transfer contributions 41-43 that occur in pure water. Excitation transfer causes a decay of the measured anisotropy and, therefore, prevents determination of orientational relaxation. The hydroxyl group of Igepal can exchange its hydrogen with the water in the reverse micelle water pool. The deuterium from an HOD molecule will exchange with the Igepal hydroxyl group so that, instead of studying only water, the experiment also has a contribution from the hydroxyl group of Igepal. This is a real effect, but it will only be significant for very small reverse micelles, in which the number of surfactant molecules is comparable to the number of water molecules. For the w 0 ) 7 reverse micelle studied here, there are 7 water molecules per surfactant molecule, which means there are 14 water hydroxyl groups for each Igepal hydroxyl group. Statistically, the contribution to the signal from a water OD stretch will outweigh the Igepal hydroxyl OD by a factor of 14. So, the contribution from the Igepal hydroxyl group should be ∼7% of the signal for the w 0 ) 7 reverse micelle.
Therefore, comparing 4 nm AOT and Igepal reverse micelle water nanopools to understand the effects of interfacial differences on the dynamics of the confined water is appropriate and essentially the only size that can provide well-defined results to answer the question of whether or not interfacial charges dictate the dynamics of confined water. A single counter example is sufficient to demonstrate that interfacial charges are not solely responsible for confinement effects on water dynamics.
A. IR Spectroscopy. The IR spectrum of water is very sensitive to the local environment of the water molecules, particularly the strength and type of the hydrogen bonds and the local electric fields. 44, 45 Figure 1 shows the backgroundsubtracted IR spectra of the OD stretch of HOD in the w 0 ) 7 Igepal reverse micelle, the w 0 ) 10 AOT reverse micelle, and bulk water for comparison. The spectrum of the OD stretch in Igepal reverse micelles (maximum at 2522 cm -1 ) lies between that of bulk water (maximum at 2509 cm -1 ) and the AOT reverse micelle spectrum (maximum at 2537 cm -1 ). Both reverse micelle water spectra are blue-shifted compared to bulk water, but the AOT spectrum is shifted to even higher frequency than the Igepal spectrum. In addition, both reverse micelles have water spectra that are ∼8% broader than that of bulk water.
Piletic et al. recently showed that the IR spectra of the OD stretch in the water nanopool of various sizes of AOT reverse micelles can be reproduced with great accuracy (peak position, line width, and shape) using a weighted sum of the spectra of bulk water and the smallest reverse micelle studied, w 0 ) 2, in which essentially all of the water molecules are associated with the sulfonate head groups. 14 The experiments and analysis demonstrated that for any size, the spectrum is composed of a core spectrum (bulk water spectrum) and a shell region (spectrum of w 0 ) 2, water associated with head groups). Vibrational population relaxation was observed to be biexponential. For any size reverse micelle, the biexponential population decay was found to be the weighted sum of the core lifetime (bulk water, 1.7 ps) and the shell lifetime (w 0 ) 2 lifetime, 5.2 ps). However, the same study established that dynamics involving hydrogen bond structural evolution, such as orientational relaxation and spectral diffusion, could not be described in terms of two distinct subensembles. 14 The dynamics of the core and shell regions are coupled through the hydrogen bond network rendering their dynamics dependent on the properties of both regions. The important results from the study of AOT showed that spectra and vibrational lifetimes are local observables that depend on the distinct environments associated with the core and shell, whereas observables that depend on hydrogen bond dynamics are not separable by region. Dokter et al., studying HOD in D 2 O in AOT reverse micelles, found evidence through a frequency-dependent study that water molecules associated with the head groups reoriented more slowly than those in the core. 19 The difference in these results from those of Piletic et al. was attributed to the greater inhomogeneous broadening of OH compared to OD, which allowed greater spectral isolation of water molecules interacting with the head groups.
The Igepal reverse micelles have not been subjected to a similar spectral analysis as the size and shape of the smallest reverse micelles are not characterized, and the spectrum of very small reverse micelles would be dominated by the head group hydroxyls. However, it is likely that the same considerations are responsible for the spectral shift and increased line width of the IR spectrum of water in the Igepal reverse micelle that have been shown to describe the spectra of water in AOT reverse micelles. One of the key observables in AOT was the broadening of the spectrum for sizes in between the extremes of pure water and the smallest AOT reverse micelle. Both water and AOT w 0 ) 2 spectra are narrower than the w 0 ) 10 spectrum, and the w 0 ) 10 peak falls in between the peak positions of the two other spectra. The broadening occurs because the w 0 ) 10 spectrum is the sum of the two other spectra, one at higher frequency and one at lower frequency. The Igepal w 0 ) 7 spectrum has the same characteristics; it is shifted from and broader than the bulk water spectrum. However, as seen in Figure 1 , the shift of the water in the Igepal spectrum is smaller than for AOT although the two reverse micelles have the same size water nanopool.
The presence of ionic sulfonate groups in AOT may explain the greater blue spectral shift of water in the AOT reverse micelle compared to water in the Igepal reverse micelle. Many anions including sulfonate groups are known to perturb the hydrogen-bonding network of water in their first solvation shells causing a blue-shift in the absorption frequency. 10,46-50 Some cations, including Mg 2+ , can induce a red-shift in the absorption frequency, but Omta et al. have shown that sodium cations have very little effect on the spectrum and dynamics of water. 51 Bergström and co-worker found that when the O-D group of an HOD molecule formed a hydrogen bond with a sulfonate group, its distribution of absorption frequencies was centered at 2605 cm -1 . In comparison, water in an AOT w 0 ) 2 reverse micelle absorbs at ∼2575 cm -1 . However, this value includes both the O-D groups that are hydrogen bonded to sulfonate groups and the O-D groups hydrogen bonded to other water molecules.
In terms of the core-shell model, the sulfonate groups in AOT can play a role in the increased blue shift of the water spectrum relative to Igepal because the absorption spectrum of water molecules hydrating the sulfonate groups (shell) is blueshifted. In the core-shell model, the shift of the water spectrum arises because the spectrum is the sum of the spectra of water molecules associated with the head groups (the shell) and water molecules away from the head groups (the core). In AOT reverse micelles, the spectrum of the shell waters is shifted substantially to the blue of the core water spectrum so the combined spectrum is blue-shifted. The spectrum of the Igepal shell waters is unknown and may include contributions from water hydrogen bonding to both the ether moieties and the alcohol group of the Igepal head group. However, the smaller blue-shift of the Igepal spectrum is consistent with different interactions between the water molecules and the head groups in Igepal as compared with AOT.
B. Vibrational Lifetime. Like the IR spectrum, the vibrational lifetime is sensitive to the local environment of the excited OD stretch. 12-16 Vibrational relaxation occurs because of fluctuating forces acting on the oscillator, 52-54 and the rate of vibrational relaxation depends strongly on the availability of lower-energy inter-and intramolecular modes to dissipate the vibrational energy. 54 Different hydroxyl stretch frequencies will require different amounts of energy to be dissipated in a combination of internal and intermolecular degrees of freedom. The vibrational population relaxation and the HOD orientational relaxation were measured using ultrafast IR pump-probe experiments. The pump-probe signal decays were measured with the probe polarization parallel to the pump polarization (I | ) and perpendicular to the pump polarization (I ⊥ ). With an accurate measurement of I | and I ⊥ , vibrational population relaxation, P(t) (lifetime) is obtained using and the orientational relaxation, r(t) (anisotropy) is given by where C 2 (t) is the second Legendre polynomial orientational correlation function. Vibrational relaxation in water leads to a deposition of heat in the sample, which causes a shift in the absorption spectrum and a long-lived signal. This effect has been well documented in both bulk water and reverse micelles and is corrected for here using the standard procedure described in the references. 14,16, 55, 56 For the OD stretch of HOD in bulk water, the vibrational lifetime is virtually wavelength independent because of extremely fast spectral diffusion that allows water molecules to sample almost all possible hydrogen-bonding configurations on a fast time scale compared to the vibrational lifetime. [57] [58] [59] [60] In a heterogeneous system like a reverse micelle, distinct environments (shell and core) interconvert slowly. The slow interconversion makes it possible to observe distinct vibrational lifetimes associated with the multiple environments. 14 This slow interconversion between different environments in AOT reverse micelles has been observed in MD simulations. 20 The MD simulation found that the residence time for water at the interface of an AOT w 0 ) 10 reverse micelle is between 18 and 34 ps depending on the proximity to the sulfonate head groups. For AOT reverse micelles, the core-shell model, with its two subensembles, was sufficient to fit the biexponential vibrational population decay for every size reverse micelle studied. The fast component was fixed at the vibrational lifetime of the OD stretch in bulk water (1.7 ps), and the slow component was fixed at the vibrational lifetime of the OD stretch of HOD in the w 0 ) 2 reverse micelle (5.2 ps). 14 The fact that the AOT population decays can be fit with these two numbers demonstrates that exchange of water molecules between the shell and core regions is much slower than 5 ps because fast exchange would produce averaging of the two decay times. Figure 2 is a semilog plot of the vibrational population relation, P(t), of the OD stretch in the two types of reverse micelles. The solid lines are the bestfit biexponential decays. The fitting parameters are listed in Table 1 .
The first important observation is that the vibrational population decay of the OD stretch in the Igepal water nanopools is also biexponential. However, the vibrational lifetime of water in the w 0 ) 7 Igepal reverse micelle is faster on both time scales than water in the AOT reverse micelle. A biexponential fit gives time constants of 1.2 and 3.2 ps. Although the numbers are somewhat different, the biexponential vibrational population relaxation observed in Igepal has the same basic nature as in AOT, which is distinct from the single exponential observed in bulk water.
The behavior of water in Igepal reverse micelles is consistent with the core-shell model used to describe the population relaxation in AOT. 14 The data presented in Figure 2 was taken near the peak of the Igepal spectrum. As the detection wavelength is tuned to the blue, the amplitude of the slow component becomes greater relative to the fast component. (The wavelength dependence of the data will be discussed in detail in a subsequent publication.) In the core-shell model, a bluer detection wavelength will reflect more of the shell vibrational relaxation. In AOT, the slower component of the biexponential decay was shown to be the shell component.
The fast component of the Igepal population decay is actually faster than that of bulk water. In the population relaxation of the OD stretch of HOD in AOT, the core vibrational lifetime was taken to be that of bulk water. However, the lifetime is sensitive to the local environment experienced by the OD. If the core-shell model applies to the water in Igepal reverse micelles, the results suggest that the core water has relaxation pathways available to it that are not available in the core of AOT or bulk water. Vibrational relaxation is very sensitive to the coupling of the relaxing mode to other discrete modes and to the low-frequency continuum of states associated with the medium. 52-54, 61 For example, a shortening of the vibrational lifetime of bulk water was observed upon lowering the temperature toward the freezing point. 62 
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Dynamics of Nanoscopic Water
The IR spectra and the vibrational lifetimes provide information on the local, essentially static core and shell structures of water in reverse micelles. As discussed in the next section, the hydrogen bond network dynamics of the water nanopools is not the same as that of bulk water in either AOT 14 or Igepal.
C. Orientational Relaxation. The dynamics of the hydrogen bond network of water molecules can be probed using the IR pump-probe anisotropy decay of the OD stretch, which measures the orientational relaxation dynamics of the water. 14, 63 The anisotropy decay is directly related to the second Legendre polynomial correlation function, C 2 (t) (see eq 2). The anisotropy decay of water in a reverse micelle is sensitive to the dynamics of the hydrogen bond network because the hydrogen bonds place significant restrictions on the orientational freedom of water molecules. Both the short and long time scale orientational motions of water in small reverse micelles deviate from those observed in bulk water. Following an ultrafast inertial component, the decay of orientational anisotropy in bulk water is single exponential whereas it is biexponential for small AOT reverse micelles. 14, 15, 17 For a molecule to undergo full orientational randomization, a global restructuring of the hydrogen bond network is required, that is, hydrogen bonds must break and reform with a new geometry. Theoretical models can be applied to provide a physical picture for the anisotropy decay of water in confined environments. The wobbling-in-a-cone model, followed by complete orientational relaxation, can describe the dynamics observed in AOT reverse micelles. 14,15,64 Wobbling-in-a-cone describes the short-time angular relaxation that is limited by the intact hydrogen bond network. On a longer time scale, hydrogen bond network restructuring leads to complete orientational randomization. Recently, the wobbling-in-a-cone model followed by jump reorientation 65,66 for the long-time decay of the anisotropy was used to analyze the orientational relaxation of water molecules confined in Nafion membranes 12 and in concentrated salt solutions. 50 MD simulations have provided evidence at a molecular level for these reorientation mechanisms. 65, 67 The purpose of this paper is to compare the orientational motions of water molecules in two types of reverse micelles. Detailed discussions of the anisotropy decay of HOD in AOT reverse micelles of various sizes have been published previously. 14-16 A discussion of the anisotropy decay for various sizes of Igepal reverse micelles will follow in a later publication. Figure 3a shows the anisotropy decays of the OD stretch of HOD in the water nanopools (d ) 4 nm) in AOT w 0 ) 10 and Igepal w 0 ) 7 reverse micelles at the same wavelength, 2539 cm -1 , close to the peak of both spectra. The orientational relaxation dynamics in these two reverse micelles are very similar. The decays in both samples are biexponential with a fast component of ∼1.5 ps and a slow component of ∼20 ps (see Table 2 for fit parameters). (There is also an ultrafast inertial component that decays completely in <200 fs and is hidden beneath the nonresonant solvent signal (not shown). 15 ) In contrast, bulk water's anisotropy decays as a single exponential of 2.6 ps (following the ultrafast inertial component). 14,63 Figure   3b shows the anisotropy decays of the two reverse micelles in comparison to the anisotropy decays of bulk water and neat Igepal. It is clear that the water in the reverse micelles have similar dynamics, both of which are much slower than bulk water. A comparison with neat Igepal provides evidence that the reorientational dynamics measured for the Igepal reverse micelle are not dominated by the Igepal hydroxyl groups. The key point here is that the orientational relaxation in Igepal water nanopools is very different from that of bulk water and very similar to AOT water nanopools even though Igepal has a nonionic head group.
In the reverse micelles, the short-time component of the biexponential has been attributed to wobbling-in-a-cone, that is, a sampling of a limited range of angles (the cone). 14 The angular range is initially restricted by the hydrogen bond network. At short times, orientational diffusion is limited by the constraints of the initial hydrogen bond network connectivity. A water molecule is only able to sample the angular space allowed within its initial local hydrogen bond network geometry. Full orientational randomization can only occur through relaxation of the angular restrictions by hydrogen bond breaking and reformation in a different configuration. The complete orientational relaxation probably arises from jump reorientation 65,68 rather than Gaussian diffusion, which is the usual description of orientational relaxation in simpler liquids. The rate of complete orientational relaxation by jump reorientation depends on the jump angle and the jump rate, both of which are determined by the nature of the hydrogen bond network. Basically, there are orientational motions that are restricted by the hydrogen bond network and occur on a time scale faster than hydrogen bond breaking. For orientational excursions that are greater than the angular cone allowed by the initial local hydrogen bond network geometry to occur, hydrogen bonds must break and reform. The reformed network must have a different configuration with the OD bond vector pointing in a new direction. This shift in direction is one of many angular jumps that randomize the orientation. The fact that orientational relaxation in the ∼4 nm diameter nanopools of water in AOT and Igepal reverse micelles is very similar in the two nanoscopic systems and is very different from that of bulk water demonstrates that the hydrogen bond dynamics of nanoscopic water reflects the impact of confinement by an interface rather than the presence or absence of charges at the interface. Both the sulfonate head groups of AOT and the alcohol head groups of Igepal form hydrogen bonds with water. In both cases, the restricted orientational geometry and dynamics at the interface propagate into the core of the reverse micelle because of the connectivity of the hydrogen bond network. The result is a significant alteration of the hydrogen bond network dynamics as observed by the change in orientational relaxation compared to bulk water whether or not there are interfacial charges. The influence on the dynamics in ionic reverse micelle systems is, therefore, not predominantly an electric field effect produced by charged groups.
Several MD simulations have produced results similar to the experimental data for models of several types of reverse micelles, as well as hydrophobic cavities. 15, 20, 21, 69 On the basis of the slowing of the orientational relaxation even when the walls of the cavity were hydrophobic, Senapati et al. concluded that both hydrogen bonding to the interface and a confined geometry play a major role in slowing the water dynamics. 21 The uncharged hydrophobic interfaces that have been simulated are quite different from the nonionic reverse micelles studied experimentally here.
Whereas the spectra and the vibrational population relaxation can be described in terms of a core-shell model, in which the observables are determined by the sum of the observables for water molecules in the interfacial boundary layer and in the core of the reverse micelles, the dynamics of the hydrogen bond network are not separable in the same manner. 14 The core and shell regions, though physically distinct, are intimately connected through the hydrogen bond network. Although the detailed structure of water associated with the head groups is unknown, it is safe to say that the arrangement of water molecules in a shell of waters at the interface will differ substantially from bulk water. Because core waters are hydrogen bonded to interfacial waters, the rearrangements responsible for orientational relaxation in small reverse micelles require motions that depend on both regions. The results shown in Figure 3 demonstrate that the perturbation of the hydrogen bond network, which is responsible for the distinct dynamics of nanoscopic water, is not strongly dependent on the presence of charges at the interface. Rather, the differences between nanoscopic water and bulk water are determined by the fact that the water is influenced by the interface on a nanometer length scale, and therefore, small confined systems display water dynamics that are distinct from the bulk. This should also be true for water within a few nanometers of an interface, such as a cell membrane, regardless of whether it is charged or neutral.
The dynamics shown in Figure 3 are very similar, but they are not identical. The results at very short time suggest that there is a somewhat larger inertial decay (the vertical intercept) for Igepal. The rest of the dynamics for the two systems are quite similar (see Table 2 ). Some differences would be expected because the interfaces are not identical; hence, there will be differences in the interfacial water structures that will propagate through the hydrogen-bonding network. However, the results show that the interfacial differences do not play a central role in determining the hydrogen bond dynamics of the confined water. At the interface, the water geometry will not be that of bulk water. This difference will propagate into the core, influencing hydrogen bond network dynamics.
Several groups have found that the polyether groups in Igepal reverse micelles are somewhat hydrated. 70, 71 Molecular dynamics simulations, 70 as well as electron spin and fluorescence probes, 71 show that the polyether chains interact with water, although the dominant portion of the water is segregated into the central water pool. The presence of a water nanopool containing most of the water in small Igepal reverse micelles has been confirmed by SANS data. 36 The partial hydration of the polyether chains may influence the structure of the Igepal reverse micelle interface making it structurally distinct from the closely packed arrangement of the AOT head groups. The result is that the nature of the combined core-shell hydrogen bond network is not the same in the two types of reverse micelles, giving rise to somewhat different hydrogen bond dynamics and, therefore, mildly different orientational relaxation dynamics.
It is possible to observe some differences between water in AOT and Igepal reverse micelles that will be discussed in detail in a subsequent publication. As the detection wavelength is shifted substantially to higher frequency than the center of the Igepal spectrum, the anisotropy develops a very slow, apparently constant component. Dokter and co-workers have also observed a slow component in the high-frequency regions of HOD in D 2 O confined in AOT reverse micelles. 19 They attribute this slow component to an ensemble of water molecules that is strongly hydrogen bonded to the sulfonate head groups. In Igepal, the nature of the interface is different from AOT and the slow component may come from several sources. One source is the hydroxyl group of the Igepal surfactant. Figure 3b shows that, after a fast inertial decay, virtually no reorientation occurs for the hydroxyl group of neat Igepal. Physically, this observation makes sense since the hydroxyl group is bound to a long surfactant molecule that will reorient very slowly. Although the hydroxyl group of Igepal may play a large role in the anisotropy decay for small reverse micelles, as the number of water molecules in the reverse micelle increases, the contribution to the signal from the Igepal hydroxyl groups becomes small. This is the case for the Igepal reverse micelles studied here. Another likely source contributing to the slow anisotropy decay detected in larger reverse micelles at bluer wavelengths is water hydrating the polyether groups of Igepal. Experiments have shown that these groups are somewhat hydrated and isolated water molecules may become trapped between surfactant molecules, making it difficult for reorientation to occur on the experimental time scale. Although the degree of hydration of the head group's polyether moiety as the size of the reverse micelle increases is not well known, preliminary orientational relaxation experiments show that, for Igepal reverse micelles up to w 0 ) 25, there appears to be a persistent long-lived component in the anisotropy decay. The sizable long-lived component is consistent with significant hydration of the polyether groups for large Igepal reverse micelles.
IV. Concluding Remarks
The question of the influence of nanoscopic confinement on the water hydrogen bond dynamics has been addressed by comparing spherical nanopools of water of the same size (4 nm) in two types of reverse micelles, AOT and Igepal. It is well documented that the dynamics of water in confined environments, near interfaces, and in the solvation shell of ions differ from the dynamics of bulk water. A persistent question surrounding the study of water in confined environments or near interfaces has been, "is it the presence of or the nature of the confining interface that has the largest effect on the dynamics of the water molecules?" AOT has an ionic head group whereas Igepal's head group is nonionic. Therefore, the nature of the water interface is substantially different in the two types of reverse micelles. By studying the properties of water in the same size nanopools with and without ions, the issue of confinement vs the nature of the interface was examined.
The infrared absorption spectrum of the hydroxyl stretch and the vibrational population relaxation in both types of reverse micelles differ from bulk water. The general nature of the differences for the two reverse micelles is the same, the spectra are blue-shifted relative to bulk water, and the vibrational population relaxation is biexponential rather than the singleexponential decay found for bulk water. Although the nature of the differences from bulk water are the same, AOT has a larger spectral blue-shift, and its biexponential population decay has longer components of 1.7 and 5.2 ps compared to Igepal's 1.2 and 3.2 ps. These two observables were discussed using the core-shell model. 14 In terms of the core-shell model, these observables are local and might be expected to be influenced more by the particular details of the interfacial properties.
In contrast, orientational relaxation of water in the nanopools depends on the global dynamics and structure of the hydrogen bond network. The orientational relaxation of water in the nanopools of both types of reverse micelles is distinct from that of bulk water, biexponential decays in contrast to the singleexponential decay for bulk water. Figure 3 shows that in spite of the differences in their head group interfaces, orientational relaxation in the AOT and Igepal reverse micelles is very similar but very different from either bulk water or neat Igepal. Does the interface matter? Yes. Does the interface need to be ionic to matter? No. The experimental results demonstrate that nanoscopic confinement has a major impact on water hydrogen bond network dynamics regardless of the nature of the interface.
